Iron chelators are pluripotent neuronal antiapoptotic agents that have been shown to enhance metabolic recovery in cerebral ischemia models. The precise mechanism(s) by which these agents exert their effects remains unclear. Recent studies have demonstrated that iron chelators activate a hypoxia signal transduction pathway in non-neuronal cells that culminates in the stabilization of the transcriptional activator hypoxiainducible factor-1 (HIF-1) and increased expression of gene products that mediate hypoxic adaptation. We examined the hypothesis that iron chelators prevent oxidative stress-induced death in cortical neuronal cultures by inducing expression of HIF-1 and its target genes. We report that the structurally distinct iron chelators deferoxamine mesylate and mimosine prevent apoptosis induced by glutathione depletion and oxidative stress in embryonic cortical neuronal cultures. The protective effects of iron chelators are correlated with their ability to enhance DNA binding of HIF-1 and activating transcription factor 1(ATF-1)/cAMP response element-binding protein (CREB) to the hypoxia response element in cortical cultures and the H19-7 hippocampal neuronal cell line. We show that mRNA, protein, and/or activity levels for genes whose expression is known to be regulated by HIF-1, including glycolytic enzymes, p21 waf1/cip1 , and erythropoietin, are increased in cortical neuronal cultures in response to iron chelator treatment. Finally, we demonstrate that cobalt chloride, which also activates HIF-1 and ATF-1/CREB in cortical cultures, also prevents oxidative stress-induced death in these cells. Altogether, these results suggest that iron chelators exert their neuroprotective effects, in part, by activating a signal transduction pathway leading to increased expression of genes known to compensate for hypoxic or oxidative stress.
Iron chelators are pluripotent neuronal antiapoptotic agents that have been shown to enhance metabolic recovery in cerebral ischemia models. The precise mechanism(s) by which these agents exert their effects remains unclear. Recent studies have demonstrated that iron chelators activate a hypoxia signal transduction pathway in non-neuronal cells that culminates in the stabilization of the transcriptional activator hypoxiainducible factor-1 (HIF-1) and increased expression of gene products that mediate hypoxic adaptation. We examined the hypothesis that iron chelators prevent oxidative stress-induced death in cortical neuronal cultures by inducing expression of HIF-1 and its target genes. We report that the structurally distinct iron chelators deferoxamine mesylate and mimosine prevent apoptosis induced by glutathione depletion and oxidative stress in embryonic cortical neuronal cultures. The protective effects of iron chelators are correlated with their ability to enhance DNA binding of HIF-1 and activating transcription factor 1(ATF-1)/cAMP response element-binding protein (CREB) to the hypoxia response element in cortical cultures and the H19-7 hippocampal neuronal cell line. We show that mRNA, protein, and/or activity levels for genes whose expression is known to be regulated by HIF-1, including glycolytic enzymes, p21 waf1/cip1 , and erythropoietin, are increased in cortical neuronal cultures in response to iron chelator treatment. Finally, we demonstrate that cobalt chloride, which also activates HIF-1 and ATF-1/CREB in cortical cultures, also prevents oxidative stress-induced death in these cells. Altogether, these results suggest that iron chelators exert their neuroprotective effects, in part, by activating a signal transduction pathway leading to increased expression of genes known to compensate for hypoxic or oxidative stress.
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Disrupted iron homeostasis has been linked to a number of neurodegenerative states (Connor and Menzies, 1995) including Alzheimer's disease (Smith et al., 1997; L ovell et al., 1998 ), Parkinson's disease (Michel et al., 1992; Hartley et al., 1993; Gassen and Youdim; Olanow, 1997; Hirsch and Faucheux, 1998) , stroke (Lipscomb et al., 1998) , multiple sclerosis (Levine, 1997) , and Friedreich's ataxia (Babcock et al., 1997; Rotig et al., 1997) . The link between iron and the pathogenesis of several neurodegenerative conditions provides a firm rationale for the therapeutic use of small molecules, such as deferoxamine (DFO), which chelate iron and prevent it from participating in deleterious redox reactions. Indeed, DFO has been reported to slow progression of Alzheimer's disease (Crapper McLachlan et al., 1991) , to enhance metabolic recovery in animal models of stroke (Hurn et al., 1995) , and to attenuate the severity and duration of experimental allergic encephalomyelitis in rats (Bowern et al., 1984) . Despite these promising clinical and preclinical observations, the precise mechanisms by which iron chelators prevent neuronal injury remain unclear.
Iron or other transition metals such as copper are believed to induce neuronal injury by converting superoxide (O 2 .Ϫ ) and hydrogen peroxide (H 2 O 2 ) into highly reactive, toxic hydroxyl radicals (OH . ) in a sequence of reactions that are referred to cumulatively as the Haber-Weiss reaction (Winterbourn, 1995) . According to this scheme, iron chelators diminish hydroxyl radical formation and oxidative stress by sequestering redox active iron. The abilities of structurally distinct chelators to inhibit apoptosis induced by depletion of superoxide dismutase in pheochromocytoma 12 (PC12) cells (Troy et al., 1996) or by depletion of glutathione in oligodendrocytes (Yonezawa et al., 1996) are consistent with the notion that iron chelators prevent apoptotic cell death by reducing hydroxyl radical formation and oxidative stress.
Recent studies, however, have identified novel pathways by which iron chelators may enhance survival (Beckman et al., 1990) . Apoptosis induced by serum or growth factor deprivation of PC12 cells or sympathetic neurons can be prevented by pretreatment with higher concentrations of the iron chelators DFO and mimosine (M IM) than are required to prevent oxidative stress-induced death (Farinelli and Greene, 1996) . In this paradigm, the protective effects of iron chelators cannot be mimicked by antioxidants, including vitamin E. Rather, the protective effects of chelating iron correlate with inhibition of proliferation. In this context, the antiproliferative effects of iron chelators have been attributed to a decrease in cyclin A /p34cdc2 kinase activity and mRNA levels (Terada et al., 1993; Feldman and Schonthal, 1994) . Iron chelators have also been shown to activate a hypoxia stress response pathway. DFO induces expression of hypoxia-inducible factor-1 (HI F-1) and transcription of downstream target genes including erythropoietin (Wang and Semenza, 1993) , glycolytic enzymes (Semenza et al., 1994) , and vascular endothelial growth factor (Lev y et al., 1995; Forsythe et al., 1996; Jiang et al., 1997) . HIF-1 is a heterodimer composed of HI F-1␣ (ϳ120 kDa) and HIF-1␤ (91-94 kDa) subunits that bind to the consensus sequence 5Ј-RCGTG-3Ј (Semenza, 1998) . These studies highlight the diversity of cellular responses to iron chelators and suggest that these pluripotent antiapoptotic agents may act to enhance survival by mechanisms other than simply suppressing hydroxyl radical formation. In this manuscript, we examine the hypothesis that iron chelators exert their neuroprotective effects, in part, by the enhancement of DNA binding of HI F-1 to the hypoxia response element and the consequent upregulation of HIF-1-regulated genes that provide resistance to oxidative or hypoxic stress.
MATERIALS AND METHODS
Primar y neurons. C ell cultures were obtained from the cerebral cortex of fetal Sprague Dawley rats [embryonic day 17 (E17)] as described previously (Murphy et al., 1990) . All experiments were initiated 24 72 hr after plating. Under these conditions the cells are not susceptible to glutamate-mediated excitotoxicity. For cytotoxicity studies, cells were rinsed with warm PBS and then placed in Minimum Essential Medium (M EM; Life Technologies, Gaithersburg, MD) with 5.5 gm / l glucose, 10% FC S, 2 mM L-glutamine, and 100 M cystine, containing the glutamate analog homocysteate (HCA; 1 mM). HCA was diluted from 100-fold concentrated solutions that were adjusted to pH 7.5. Viability was assessed by phase-contrast microscopy, lactate dehydrogenase (LDH) release (Koh and Choi, 1987; Ratan et al., 1994a,b) , calcein AM /ethidium homodimer-1 staining (Molecular Probes, Eugene, OR) under fluorescence microscopy, or trypan blue exclusion. To evaluate the effects of iron chelators on cytotoxicity, we added deferoxamine mesylate (1-500 M; Sigma, St. L ouis, MO) or mimosine (1-500 M; Sigma) at the time cortical neurons were exposed to HCA or up to 10 hr after HCA treatment. In parallel, cortical neurons were exposed to HCA and cobalt chloride (10 -500 M). Similar quantitative results were obtained independent of the viability assay used.
Glutathione levels. Total glutathione levels were measured by the method of Tietze (1969) as described in Ratan et al. (1994b) with the following modifications. At 0, 6, 9, and 12 hr after exposure to potential toxins Ϯ inhibitors, the cells were washed with PBS, lysed with cold 3% perchloric acid, and centrif uged at 4°C at 7400 ϫ g. The supernatants were diluted with 9 vol of 0.1 M Na 2 HPO 4 , and the remaining steps of the glutathione assay were performed as described (Ratan et al., 1994b) . Glutathione levels were normalized to total protein levels that were determined using the bicinchoninic acid reagent (Pierce, Rockford, IL) method (Smith et al., 1985) .
Immunoblot anal ysis. C ell lysates were obtained by rinsing cortical neurons with cold PBS and adding 0.1 M potassium phosphate containing 0.5% Triton X-100. Protein (2.5 g) from cell lysates was boiled in Laemmli buffer and electrophoresed under reducing conditions on 12% polyacrylamide gels. Proteins were then transferred to a poly vinylidene difluoride membrane (Bio-Rad, Hercules, CA). Nonspecific binding was inhibited by incubation in Tris-buffered saline with T ween 20 (TBST; 50 mM Tris-HC l, pH 8.0, 0.9% NaC l, and 0.1% T ween 20) containing 5% nonfat dried milk for 1.5 hr. Primary antibodies against LDH (rabbit muscle; Rockland, Gilbertsville, PA), aldolase (rabbit muscle; Rockland), ␣-tubulin (Sigma), HI F-1␣ (Novus Biologicals, Littleton, C O), or HI F-1␤ (Affinity Bioreagents, Golden, C O) were diluted 1:1000, 1:1000, and 1:2000 in TBST containing 1% milk and exposed to membranes overnight at 4°C. For LDH and aldolase, membranes were incubated with HRP-conjugated anti-goat secondary antibody (Sigma), diluted 1:5000 in TBST containing 1% milk for 1.5 hr at room temperature. For the ␣-tubulin immunoblot, the membrane was incubated with HRPconjugated anti-rabbit secondary antibody (Amersham, Arlington Heights, IL), diluted 1:5000 in TBST for 1.5 hr at room temperature. Immunoreactive proteins were detected according to the enhanced chemiluminescent protocol (Amersham).
Immunofluorescence staining and confocal microscopy. Indirect labeling methods were used to determine the levels of HI F-1␣, HI F-1␤, and neurofilament (N F; 200 kDa) in cortical neuronal cultures. Dissociated cells from the cerebral cortex (3-5 ϫ 10 5 ) were seeded onto poly-Dlysine -coated eight-well culture slides (Becton Dickinson, Bedford, M A) and treated with 100 M DFO Ϯ HCA as described above for 4 -5 hr. The cells were washed with warm PBS and fixed at room temperature for 15 min with 4% paraformaldehyde. After washing with PBS, fixed cells were incubated with blocking solution containing 0.3% Triton X-100, 5% bovine serum albumin, and 3% goat serum for 1 hr, followed by incubation with mouse anti-HI F-1␣ monoclonal antibody (1:200 dilution), rabbit anti-HI F-1␤ polyclonal antibody (1:200 -1000) , or a mouse antineurofilament antibody (1:100) overnight at 4°C. After three washes with PBS, the cells were incubated for 1 hr with FI TC -conjugated goat anti-rabbit IgG antibody (1:200 dilution) and Texas Red-conjugated goat anti-mouse IgG antibody (1:200 dilution; Vector Laboratories, Burlingame, CA) or vice versa. All antibodies were diluted in PBS. The slides were washed three times with PBS and mounted with fluorochrome mounting solution (Vector Laboratories). Images were analyzed using a confocal microscope (MRC -1024; Bio-Rad). Control experiments were performed in the absence of primary antibody.
Aldolase activit y. After 8 and 24 hr of exposure to the HCA Ϯ antioxidants Ϯ protein synthesis inhibitors, cells were washed with cold PBS and lysed with 0.5% Triton X-100 in 0.1 M potassium phosphate buffer, pH 7.0. The lysates were divided for measurements of LDH activity (Ratan et al., 1994b) , aldolase activity (catalog #752-A; Sigma), and protein. The aldolase assay is based on the spectrophotometric determination ( ϭ 550 nm) of the levels of hydrazone formed when 2,4-dinitrophenylhydrazine (a chromagen) is reacted with a hydrolysis product of dihydroxyacetone phosphate. Dihydroxyacetone phosphate is formed from fructose 1,6-diphosphate in a reaction catalyzed by aldolase, and thus the quantity of hydrazone is proportional to aldolase activity. The kit we used was designed for use in serum; its sensitivity and specificity for use in lysates of primary cultures were validated by use of serial dilutions of a standard concentration of aldolase as well as by addition of known quantities of aldolase to control lysates. Aldolase activity is expressed as absolute absorbance values normalized to total protein.
Electrophoretic mobilit y shif t assays and supershif t anal ysis. We performed electrophoretic mobility shift assays (EMSAs) on nuclear extracts from cortical neurons using a 32 P-labeled oligonucleotide containing a wild-type (W18) or mutant (M18) HI F-1-binding site (Wang and Semenza, 1995) . The sense strand sequences of the double-stranded W18 and M18 oligonucleotides are 5Ј-GCCC TACGTGC TGTC TCA-3Ј and 5Ј-GCCC TAAAAGC TGTC TCA-3Ј, respectively. Parallel EMSAs were performed using a radiolabeled Oct-1 (5Ј-TGTCGAATGCAAATGAC -TAGAA-3Ј; Santa Cruz Biotechnology, Santa Cruz, CA)-binding site. Embryonic cortical neurons were lightly trypsinized, pelleted, and resuspended in cold PBS. All subsequent steps were performed as described previously at 4°C (Lin et al., 1995) . The cells were suspended in 10 mM Tris, pH 7.5, 1.5 mM MgC l 2 , 10 mM KC l, 10 g /ml aprotinin, 0.5 g /ml leupeptin, 3 mM PMSF, 3 mM DTT, and 1 mM Na 3 VO 4 and lysed by 15 strokes in a Dounce homogenizer using a type B pestle, and the nuclei were pelleted at 4500 ϫ g for 5 min, resuspended in 3-4 packed cell vol of buffer C (420 mM KC l, 20 mM Tris-HC l, pH 7.8, 1.5 mM MgC l 2 , 10 g /ml aprotinin, 0.5 g /ml leupeptin, 3 mM PMSF, 3 mM DTT, and 1 mM Na 3 VO 4 ), and incubated for 30 min with gentle agitation. The absence of cytoplasmic contamination of the purified nuclei was verified by the absence of detectable LDH activity in the nuclear extract. The nuclear extract was centrif uged at 10,000 ϫ g for 30 min, and the supernatant was dialyzed twice against 25-50 ml of buffer D (20 mM Tris-HC l, pH 7.8, 100 mM KC l, 0.2 mM EDTA, and 20% glycerol). The dialysate was centrif uged at 10,000 ϫ g for 10 min at 4°C, and the supernatants were aliquoted, snap frozen in liquid N 2 , and stored at Ϫ80°C. Perchloric acid-precipitated protein was measured from a representative aliquot of each sample, and equal amounts were used for binding. Binding reactions were performed at 4°C for 15 min using 3-15 g of nuclear protein (HI F-1 or Oct-1) and 0.25 ng (10,000 -40,000 cpm) of labeled oligonucleotide in 30 l of binding buffer containing 10 mM Tris-HC l, pH 7.5, 50 mM NaC l, 50 mM KC l, 1 mM MgC l2, 1 mM EDTA, 5 mM DTT, 5% glycerol, and 0.1 g of sonicated denatured calf thymus DNA. For HI F-1 DNA-binding studies, a 10-fold excess of unlabeled M18 HI F-1 oligonucleotide was included in the binding reaction. DNA-protein complexes were separated from unbound probe on native 6% polyacrylamide gels at 195 V for 2 hr. The gel was vacuum dried and exposed to Kodak film (Eastman Kodak, Rochester, N Y) for 8 -15 hr at Ϫ80°C. Visual inspection of the free probe band at the bottom of the gel confirmed that equivalent amounts of radiolabeled probe were used for each sample (data not shown). Supershifts were performed with antibodies to HI F-1␣ (Wang et al., 1995a) , HI F-1␤ (M A1-515; Affinity Bioreagents), ATF-1/ cAM P response element-binding protein (CREB) (25C10G; Santa Cruz Biotechnology), or CREB-1 (24H4B; Santa Cruz Biotechnology). The antibody was added to the binding mixture immediately after the addition of the radiolabeled HI F-1 probe. The reaction mixture was incubated for 20 min, and the complexes were resolved as described above.
Northern blot anal ysis. C ells (2.5 ϫ 10 6 ) derived from E17 cortices were plated in six-well dishes. After 1-2 d in culture, the cells were treated with or without iron chelators (Ϯ homocysteate). After a 4 -6 hr exposure, total RNA was extracted from each treatment group using a kit (RNAeasy; Qiagen, Valencia, CA). For each sample, 5 g of total RNA was electrophoresed in a 1% agarose and formaldehyde gel, transferred to a positively charged nylon membrane, and hybridized with enolase-1 , LDH A , erythropoietin Juul et al., 1998) , p21/ waf1/cip1 (C armeliet et al., 1998) , and brain-derived neurotrophic factor (Masonpierre et al., 1990 ) cDNA probes. ␤-actin was used as a negative control (Marquis and Demple, 1998) . After washing, the blots were autoradiographed, and the bands were quantitatively analyzed using a phosphorimager (GS-525 Molecular Image Analyzer; Bio-Rad).
RESULTS

Iron chelators inhibit glutathione depletion-induced apoptosis in embryonic cortical neurons
In previous studies, we demonstrated that exposure of immature cortical neurons to glutamate or the glutamate analog HCA results in depletion of the antioxidant glutathione and in oxidative stress-induced cell death with the morphological and biochemical characteristics of apoptosis (Ratan et al., 1994a,b) . To determine whether iron participates in glutathione depletioninduced apoptosis, we examined the protective effects of the iron chelator DFO in this paradigm. At concentrations Ն10 M, DFO completely inhibited glutathione depletion -induced death. Concentrations of DFO Ն100 M significantly inhibited not only the HCA-induced death but also the small and reproducible level of cell death seen in control cultures (Fig. 1 A) . The ability of DFO to suppress the chromatin condensation and nuclear fragmentation characteristic of apoptosis in both HCA-treated and control cultures was verified by Hoechst 33258 staining (data not shown) and phase-contrast microscopy (Fig. 2) . M IM, an iron chelator structurally distinct from DFO, also prevented glutathione depletion-induced death in cortical neurons (Fig. 1 B) .
DFO acts distal to glutathione depletion in preventing cell death
HCA induces glutathione depletion by competitively inhibiting the uptake of cystine by its plasma membrane transporter (Murphy et al., 1989 (Murphy et al., , 1990 . Inhibition of cystine uptake or removal of cystine from the bathing medium leads to depletion of the antioxidant glutathione and death because of oxidative stress. To determine whether iron chelators act to suppress HCA-induced death by preventing cystine deprivation and glutathione depletion, we measured total glutathione levels [reduced glutathione (GSH) ϩ oxidized glutathione (GSSG)] at several time points after HCA addition (Fig. 3) . Although the rate at which total glutathione levels are depleted by HCA exposure is slowed in the presence of 100 M DFO, total glutathione levels are depleted by Ͼ65% by 10 hr after treatment with HCA alone or HCA and DFO in cortical neurons (Fig. 3) . In contrast, there is little difference between the total glutathione levels in control and DFO-treated cultures, and levels remain unchanged throughout the 10 hr period of observation (Fig. 3) . These results suggest that iron chelators act to inhibit glutathione depletion -induced apoptosis in cortical neurons distal to glutathione depletion. Consistent with this notion, both DFO and M IM could be added to cultures up to 10 hr after HCA addition (4 -7 hr after glutathione depletion) and completely prevent cell death (data not shown).
Iron chelators induce several hypoxia response element-binding activities in cortical neuronal cultures
To determine whether iron chelators can induce enhanced HIF-1 DNA binding in cortical neuronal cultures, we performed EMSAs on nuclear extracts from control and HCA-treated cells in the presence or absence of DFO using a radiolabeled W18 oligonucleotide containing an HI F-1 DNA-binding site. Four hours of DFO treatment (100 M) significantly increased three DNAbinding activities in cortical neurons in the presence or absence of HCA (Fig. 4 A, the three DNA binding activities are designated a,  b, c) . The induction of these DNA-binding activities by DFO seemed to be related to iron chelation because it also occurred in the presence of the structurally distinct iron chelator MIM (100 M) (Fig. 4 B) . All three DNA-binding activities were inhibited in a concentration-dependent manner by cold W18 oligonucleotide, but only the fastest mobility complex was inhibited by M18 oligonucleotide containing mutations in the HIF-1-binding site (data not shown). These results demonstrate that the two slower mobility complexes (Fig. 4, complexes a, b) bind the HIF-1 site specifically, whereas the fastest-migrating complex (Fig. 4 , complex c) represents nonspecific DNA binding. Enhanced binding to the HIF-1 DNA recognition sequence can occur within 2 hr after DFO treatment, permitting sufficient time for putative protective genes to be expressed before the commitment point of cells to die (ϳ12 hr after HCA treatment).
Identification of HIF-1 and ATF-1/CREB in nuclear extracts after iron chelator treatment
To determine whether HIF-1 was present in either of the DFOinduced DNA-protein complexes detected by EMSA, we used antibodies specific for the HIF-1␣ and HIF-1␤ subunits. Addition of individual subunit-specific antibodies during in vitro DNA binding revealed that the HIF-1␣ and HIF-1␤ were present in the slower-migrating complex (Fig. 4C) . Addition of HIF-1␣ antibody disrupted complex formation, whereas HIF-1␤ antibody resulted in a DNA-protein-antibody complex of retarded mobility (supershift).
In addition to HIF-1, a faster-migrating, specific complex b (Fig. 4) was also induced by DFO. The electrophoretic mobility of complex b corresponds to a constitutive binding activity in nonneuronal cells whose levels of binding are independent of oxygen tension or iron chelation (Wang and Semenza, 1993) . Analysis of HeLa cells identified the constitutive binding activity to the HIF-1 recognition sequence as ATF-1 and CREB, which also bind to the cAMP response element (CRE) (Kvietikova et al., 1995) . The unexpected induction of complex b in cortical neurons by iron chelators suggested the possibility that it might have an identity distinct from ATF-1 and CREB. To explore this possibility further, we performed a competition experiment using increasing molar excesses of unlabeled CRE oligonucleotide containing the consensus binding site for ATF-1 and CREB. This oligonucleotide has been shown previously not to inhibit DNA binding by HIF-1 (Kvietikova et al., 1995) . Unlabeled CRE oligonucleotide competitively inhibited the formation of complex b at lower concentrations of oligonucleotide than were required to inhibit HIF-1 DNA binding (data not shown), suggesting that complex b might contain ATF-1 and CREB. An antibody that recognized both ATF-1 and CREB completely supershifted complex b, whereas a CREB-specific antibody partially supershifted the same complex (Fig. 5A ). Antibodies to HIF-1␣ and HIF-1␤ had no significant effect on this complex (Fig. 4) . These results suggest that, in E17 rat embryonic cortical neurons, ATF-1 represents the primary ATF/CREB family member that binds to the HIF-1 recognition sequence and establish the identity of the two induced HIF-1 recognition sequence-binding activities as HIF-1 and ATF-1/CREB. The differences between nuclear HIF-1 and ATF-1/CREB activity in control and DFO-treated cortical neurons could not be attributed to global differences in nuclear proteins because levels of the transcription factor Oct-1 were similar in these two extracts (Fig. 5B) .
EMSAs were performed to determine whether 10 M DFO, the lowest concentration of chelator required to prevent glutathione depletion-induced death (Fig. 1) , could induce HIF-1 and/or ATF-1/CREB DNA-binding activity. Induction of both complexes was observed after 4 hr of treatment with 10 M DFO, although higher levels of induction of both complexes were seen at higher concentrations of drug (data not shown). At the three concentrations of DFO tested, supershift analysis confirmed that the induced complexes were composed of HIF-1 and ATF-1/ CREB ( Fig. 4C ; data not shown). Thus, protection from glutathione depletion-induced death by iron chelators in cortical neuronal cultures can be correlated with induction of HIF-1 and ATF-1/CREB.
Iron chelators induce HIF-1 DNA-binding activity in neurons
The studies described above used primary cultures that are 85-90% neuronal but contain glial cells as well (Murphy et al., 1990) . Fig. 4 for description) using 100 M DFO. Complex b was identified as ATF-1 and CREB. Antibodies recognizing ATF-1 and CREB or CREB alone were added to the binding reaction as described in Materials and Methods; d corresponds to a DNA-protein -antibody complex. HI F-1 is less apparent in this EMSA because the gel was exposed for shorter periods of time than were other gels (see Fig. 4A-C) . fp corresponds to free unbound radiolabeled probe; c corresponds to nonspecific DNA-binding activity. B, The effect of DFO on Oct-1 DNA-binding activity is shown. The EMSA of nuclear extracts from control (left lane) and DFO-treated cells using a radiolabeled oligonucleotide with a Oct-1 sequence is shown.
In these cultures, the induction of HI F-1 and ATF-1/CREB may occur in neurons and /or glia. To determine whether HIF-1 and ATF-1/CREB can be induced in cortical neurons by iron chelators, we used a conditionally immortalized cell line (H19-7) derived from hippocampal neuroblasts (Eves et al., 1996) . After differentiation, these cells express neuronal markers (neurofilament positive and glial fibrillary acidic protein negative) (Eves et al., 1996) . Treatment of undifferentiated or differentiated H19-7 cells for 4 hr with 100 M DFO resulted in induction of two specific complexes similar to those induced in embryonic cortical neurons (data not shown). Supershift analysis confirmed that the slower-migrating complex was HI F-1 and the faster-migrating complex was ATF-1/CREB (data not shown). To verify that HIF-1 expression can be induced in neurons in response to iron chelator treatment, we performed immunohistochemical staining with antibodies to HI F-1␣ (data not shown) and HI F-1␤ (Fig. 6) followed by confocal microscopy. These experiments confirmed that HI F-1 is activated in both neurons (Fig. 6 ) and glia (data not shown).
Iron chelators induce expression of HIF-regulated genes in cortical neuronal cultures
To determine whether known HI F-1-regulated genes are induced by iron chelators in cortical neuronal cultures, we exposed cultures to increasing concentrations of DFO, and total RNA was isolated for blot hybridization using cDNA probes for LDH A, enolase-1, p21 waf1/cip1 , or erythropoietin. LDH, enolase, p21, and erythropoietin are known to be upregulated by hypoxia via HIF-1 in non-neuronal cells. A ␤-actin cDNA probe was used as a control. Quantitation of LDH A mRNA revealed a concentration-dependent induction by DFO in the presence or absence of HCA (Fig. 7A,B) . The induction of LDH A mRNA by HCA is unlikely to be mediated by HI F-1 because we did not observe increases in HI F-1 DNA binding under these conditions (Fig. 4 A) . In addition to mRNA for LDH A, mRNAs for enolase -1, p21 waf1/cip1 , and erythropoietin were also induced in a concentration-dependent manner by DFO (Fig. 7C) , whereas expression of ␤-actin (Fig. 7) and BDN F mRNA (data not shown) was unchanged. Because brain erythropoietin is expressed primarily in glial cells (Masuda et al., 1994) and glial cells represent Ͻ20% of the cells in our culture (Murphy et al., 1990) , it is not surprising that erythropoietin mRNA expression was induced to a lesser degree than was that of LDH A, enolase-1, or p21 waf1/cip1 .
Iron chelators induce glycolytic enzymes via a transcriptional mechanism
Immunoblot assays revealed that 100 M DFO increased LDH and aldolase protein levels, whereas levels of ␣-tubulin protein remained unchanged (data not shown). These results indicate that the increased mRNA levels observed after DFO treatment , enolase-1, and erythropoietin mRNA expression by exposure of cells to DFO (10, 100, and 500 M) is shown. Each plot is a representative example of three separate experiments.
lead to corresponding increases in protein levels. Spectrophotometric measurements confirmed that induction of LDH and aldolase protein levels by DFO is associated with increases in enzyme activity (data not shown). To verif y that the increases in activity we observed are the result of transcriptional mechanisms, we examined the effects of the protein synthesis inhibitor cycloheximide and the RNA synthesis inhibitor actinomycin-D on the induction of glycolytic enzyme activity by iron chelation. We used concentrations of cycloheximide (10 g/ml) and actinomycin-D (2 g/ml) that are known to inhibit incorporation of radiolabeled amino acids into protein by Ͼ90 and 60%, respectively, in cortical neurons (Ratan et al., 1994b) . C ycloheximide and actinomycin-D almost completely inhibited the induction of LDH and aldolase activity by iron chelators (data not shown). These results suggest that iron chelators induce glycolytic enzyme activities via a transcriptional mechanism in cortical neurons, although we cannot exclude the possibility that actinomycin-D and cycloheximide attenuate HI F-1-regulated gene expression by abrogating DFOinduced HI F-1 induction. The antioxidant butylated hydroxyanisole did not induce LDH activity in cortical neurons at concentrations that prevent HCA-induced apoptosis. This result indicates that induction of LDH activity is not required for protection and that some (DFO and M IM) but not all antioxidants induce glycolytic enzyme activity.
Cobalt chloride, an activator of HIF-1, prevents glutathione depletion-induced death in cortical neurons
The results described above support the hypothesis that iron chelators protect neurons, in part, by activating a hypoxia signal transduction pathway leading to activation of HI F-1 and/or ATF-1/CREB and their protective target genes and predict that other known activators of this pathway will prevent glutathione depletion-induced death in cortical neurons. Divalent cations such as cobalt chloride have been shown to induce HIF-1 DNA binding and expression of hypoxia-inducible genes (Wang and Semenza, 1993; Semenza et al., 1994) . We therefore examined the effects of cobalt chloride (10 -500 M) on HIF-1 activation and glutathione depletion-induced death in cortical neurons. Concentrations of cobalt chloride Ͼ200 M significantly reduced glutathione depletion-induced death (Fig. 8 A) . Zinc chloride (Ͼ200 M) was not protective, and addition of 2 mM calcium chloride did not reverse protection by 250 M cobalt chloride (data not shown). These results suggest that the protective effects are independent of cobalt's ability to block calcium influx. Moreover, similar to iron chelators, protective concentrations of cobalt chloride also induced HIF-1␣ (Fig. 8 B) and HIF-1␤ (data not shown) protein expression and ATF-1/CREB (data not shown) as well as lactate dehydrogenase activity levels (Fig. 8C ) in cortical cultures.
DISCUSSION
Protection from cell death by iron chelators has been widely attributed to their ability to prevent hydroxyl radical formation from the iron-catalyzed reaction of superoxide and hydrogen peroxide (the Haber-Weiss reaction) (Winterbourn, 1995) . However, recent studies suggest additional mechanisms of protection by iron chelators (Beckman et al., 1990; Farinelli and Greene, 1996; Park et al., 1997a Park et al., ,b, 1998 . In this manuscript, we present data supporting a novel mechanism by which iron chelators abrogate cell death in neurons. We correlate the protective effects of iron chelation with the induction of the transcription factors HIF-1 and ATF-1/CREB and with the enhanced expression of genes encoding glycolytic enzymes, p21 waf1/cip1 , and erythropoietin. Each of these genes has HIF-1-and ATF-1/CREB-binding sites in their promoters (Wang and Semenza, 1993 ; Semenza et ., 1994, 1996) . That activation of HI F-1 and ATF-1/CREB may be causally linked to protection by iron chelators is supported by the ability of cobalt chloride (another activator of HIF-1 and ATF-1/CREB and their target genes in neurons) to prevent glutathione depletion -induced death (Fig. 8) . This link is further strengthened because cobalt chloride, unlike DFO and MIM, is not known to have direct antioxidant-scavenging capacity.
Several plausible schemes can be envisaged by which the induction of HI F-1-and /or ATF-1/CREB -regulated genes, by exposure to iron chelators (or cobalt chloride), might prevent oxidative stress-induced death. Iron chelators may prevent oxidative stress-induced death by inducing glycolytic enzyme gene expression and consequent aerobic glycolysis. Indeed, recent studies have demonstrated that a shift in energy generation from glucose oxidation in mitochondria to aerobic glycolysis in proliferating thymocytes is associated with resistance to oxidative stress (Brand, 1997) . The decrease in ROS resulting from aerobic glycolysis can be attributed to two cooperative effects: (1) the generation of the antioxidant pyruvate and (2) the prevention of excessive reactive oxygen species production by reducing the rate of mitochondrial glucose oxidation (Boveris and Chance, 1973; Dykens, 1997) . The ability of chelators to stimulate aerobic glycolysis is supported by studies in muscle cells, in which iron chelators have been shown to increase glucose consumption, lactate production, and [
14 C]glucose incorporation into glycogen by approximately twofold, and these changes were associated with increases in levels of glucose transporter (GLUT-1) protein and mRNA concentration (Potashnik et al., 1995) . Of note, the transcriptional induction of GLUT-1 by iron chelators or hypoxia has been shown to require the HI F-1 recognition site , and HI F-1␣-deficient embryonic stem cells express reduced levels of mRNAs encoding 13 different glucose transporters and glycolytic enzymes, including aldolase A, enolase-1, glut-1, and LDH A (Iyer et al., 1998) . These data indicate that the effects of chelators on glucose metabolism were likely mediated, in part, via HI F-1. Thus, by inducing glycolytic enzyme expression, iron chelators may reduce the ambient free radical burden of neurons by enabling the cell to generate more energy (and antioxidant capacity) glycolytically and minimize the deleterious consequences of mitochondrial glucose oxidation (Tan et al., 1998) . Future studies will clarif y whether iron chelators enhance glucose use, pyruvate production, and lactate production in embryonic cortical neurons and whether these changes can be associated with reduced free radical production.
Other gene products regulated by HI F-1 that may mediate some of the salutary effects of iron chelators in neurons include erythropoietin, which has been shown to be synthesized in glial cells (Masuda et al., 1994) and to prevent cell death of serumdeprived cholinergic (Konishi et al., 1993) or ischemic hippocampal neurons (Sakanaka et al., 1998) ; heme oxygenase-1 (Lee et al., 1996 (Lee et al., , 1997 , which has been shown to prevent ischemia-induced neuronal loss in the cortex (Takizawa et al., 1998) and to enhance resistance of neuronal cells to ␤-amyloid and hydrogen peroxide (Le et al., 1999) ; and the cyclin-dependent kinase inhibitor p21/ Waf1/C ip1 (C armeliet et al., 1998) , whose overexpression in sympathetic neurons protects these cells from death induced by nerve growth factor deprivation (Park et al., 1997a (Park et al., ,b, 1998 Freeman, 1998) . The observation that DFO induces p21/ Waf1/Cip1 in cortical neurons (Fig. 7C) suggests that iron chelators may suppress cell death induced by growth factor deprivation, in part, by upregulating HI F-1 and /or ATF-1/CREB, leading to an induction of p21/ Waf1/C ip1.
The hypothesis that iron chelators protect neurons from oxidative stress by inducing HIF-1 and/or ATF-1/CREB predicts that maximal suppression of free radical generation as well as maximal protection by iron chelators requires new mRNA and protein synthesis. Because inhibitors of RNA or protein synthesis can abrogate glutathione depletion-induced death (Ratan et al., 1994b; Esch et al., 1998) , we could not use these inhibitors to determine whether transcription is required for the protective effects of iron chelators. Future studies using dominant-negative constructs of HIF-1 (Forsythe et al., 1996; Jiang et al., 1996) and ATF-1 or CREB (Ahn et al., 1998) will address this question directly. Of note, recent studies have documented a proapoptotic effect of HIF-1 in embryonic stem cells or cortical neurons under conditions of hypoxia (Carmeliet et al., 1998; Halterman et al., 1999) . In this context, HIF-1 appears to mediate upregulation of p53 and downregulation of Bcl-2 leading to cell death. Although our data, along with previous studies (Iyer et al., 1998) , suggest that HIF-1 mediates prosurvival responses, these observations suggest that the effect of HIF-1 induction may depend on the cell type, the developmental stage of the cell, or the death stimulus.
Our results indicate that as in non-neuronal cells, treatment with iron chelators induces HIF-1 activity and expression of HIF-1-regulated genes Semenza, 1993: Semenza et al., 1994; Melilo et al., 1997 ). The precise mechanism by which iron chelators engage the hypoxia signal transduction pathway and activate HIF-1 remains unclear (Gleadle et al., 1995; Huang et al., 1995; Wang et al., 1995a,b) . However, our studies point out some important differences in the nature of the DNA-binding complexes induced by chelators in neurons versus non-neuronal cells. Specifically, in neurons, iron chelators induce the binding of both HIF-1-and ATF-1/CREB-binding activities. These observations raise the possibility that HIF-1 and ATF-1/CREB act together at the HIF-1 recognition sequence or, alternatively, at different DNA sites to regulate glycolytic gene expression in neurons. Of note, recent studies suggest that the transcriptional activation of the LDH A gene in response to hypoxia requires a multiprotein complex that includes HIF-1, ATF-1/CREB, and the coactivator p300/CREB-binding protein Ebert and Bunn, 1998) . It is unlikely that the induction of ATF-1/CREB in neurons but not in non-neuronal cells by iron chelators can be attributed to the postmitotic state of these cells, because the induction of HIF-1 and ATF-1/CREB was also demonstrated in mitotic H19-7 hippocampal neuroblasts in response to iron chelation.
In summary, we demonstrate that structurally distinct iron chelators abrogate glutathione depletion-induced apoptosis in neurons by acting distal to glutathione depletion. We correlate the protective effects of chelators with their ability to induce the transcription factors HIF-1 and ATF-1/CREB and the upregulation of glycolytic enzymes, p21 waf1/cip1 , and erythropoietin. These observations suggest that the induction of genes known to compensate for hypoxic stress may mediate the neuroprotective effects of iron chelators (and cobalt chloride) and identify novel potential applications for iron chelators (and cobalt chloride) in the treatment of neurodegenerative diseases associated with oxidative stress or disrupted energy metabolism (Beal, 1996; Sharp et al., 1998) .
